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MinireviewSynaptotagmin in Ca2-Dependent
Exocytosis: Dynamic Action in a Flash
that possesses two tandem C2 domains called “C2A”
and “C2B” (Figure 1). Initially identified in protein kinase
C, the C2 domain confers Ca2-induced phospholipid
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binding activity to proteins that carry it (Chapman, 2002;University College London
Su¨dhof, 2002). Upon Ca2 binding, the C2 domains ofGower Street
synaptotagmin could insert into the plasma membrane,London WC1E 6BT
thereby positioning the synaptic vesicle membrane inUnited Kingdom
sufficient proximity to the plasma membrane to initiate
lipid bilayer fusion. The low Ca2 affinity of the three
Ca2 binding sites in C2A and of the two sites in C2BSynaptotagmins have been the popular candidates for
(Kd values ranging from 40 M to 1 mM; Chapman,the Ca2 sensor that couples local rise in Ca2 to neuro-
2002; Su¨dhof, 2002) matches the intraterminal levels oftransmitter release. Studies in worm, fly, and mouse
Ca2 that trigger transmitter release. The requisite Ca2-corroborate the likely role for synaptotagmin I, the
dependent cooperativity of neurotransmitter releasebest-studied synaptotagmin prototype, as a Ca2 trig-
could be met by multiple Ca2 ions binding to C2A andger for synaptic vesicle exocytosis. Recent investiga-
C2B domains and/or Ca2-induced oligomerization oftions have focused on structural domains of synapto-
intact synaptotagmins via the C2B domains (Chapman,tagmin that are critical for its function. Here we provide
2002; Su¨dhof, 2002).a brief overview of synaptotagmin I and discuss recent
In addition to detecting a rise in presynaptic Ca2studies within the framework of neurotransmitter re-
concentration, an obligatory function of the Ca2 sensorlease mechanisms for fast synaptic transmission.
is to engage the vesicle fusion machinery. How does
synaptotagmin accomplish the task? SNARE proteinsNeurotransmitter Release and the Ca2 Sensor
are a family of proteins that act as a catalyst for mem-Neurotransmitter release is a probabilistic process that
brane fusion (Chen and Scheller, 2001; Jahn et al., 2003).is strongly governed by Ca2. The task of a nerve impulse
The best-studied members are synaptic SNAREs whoseis to increase the likelihood of synaptic vesicle fusion
pairing of the synaptic vesicle SNARE (“v-SNARE”)via opening of Ca2 channels and promotion of a tran-
VAMP/synaptobrevin with two target plasma membranesient and rapid rise in intracellular Ca2. Neurotransmit-
SNAREs (“t-SNAREs”), syntaxin and SNAP25, is essen-ter release, thus triggered, is comprised of two kinet-
tial for neurotransmitter release. The v- and t-SNAREsically distinct components: a major fast component that
form a trimeric core complex during the fusion reactioncan occur within 100 s of Ca2 influx, and a smaller
and are then dissociated to allow recycling of individualdelayed component (Goda and Stevens, 1994; Xu-Fried-
SNAREs for subsequent rounds of fusion. Synaptotag-man and Regehr, 2000). Both components exhibit Ca2
min I constitutively binds to t-SNARE heterodimers incooperativity that most likely reflects a Ca2 depen-
the absence of Ca2 through an interaction that requiresdence of the neurotransmitter release machinery. A Ca2
both C2 domains (Rickman and Davletov, 2003). In addi-sensor that triggers the exocytosis machinery must fulfil
tion, synaptotagmin I displays Ca2-stimulated interac-the following functions. First, a sensor should be capa-
tion with individual or heterodimers of t-SNAREs and toble of detecting a rise in intraterminal Ca2 levels ranging
the assembled core complex via interactions involvingfrom 10 to 20 M (or up to 100–200 M at some syn-
the C2B domain (Chapman, 2002; Su¨dhof, 2002).apses) and hence have relatively low Ca2 affinity (Mein-
Whether the binding to the SNARE complex or its com-
renken et al., 2003). Second, a Ca2 sensor must trigger
ponents occurs before or at the time of Ca2 influx,
Ca2-dependent neurotransmitter release in a manner
synaptotagmin I is well positioned to link the Ca2 rise
that satisfies Ca2 cooperativity. Third, two kinetically with the exocytic machinery.
distinct components with differential Ca2 sensitivity Initial experimental evidence for synaptotagmin I as
must be supported. A single sensor could suffice if the a regulator of fast Ca2-dependent release came from
local variability in Ca2 rise accounts for the two forms studies assessing the effects of synaptotagmin I gene
of release and/or the manner in which the sensor cou- deletion. The lack of synaptotagmin I results in a specific
ples to the fusion machinery is differentially regulated defect in the rapid component of exocytosis in mice
by Ca2 levels. Alternatively, two distinct Ca2 sensors central synapses and a reduction in neurotransmitter
may mediate fast and slow phases of release. Finally, release at the neuromuscular junction in flies and worms
in the absence of a nerve impulse, synaptic vesicles (Geppert et al., 1994; Littleton et al., 1993; Broadie et
undergo spontaneous fusion infrequently. A Ca2 sensor al., 1994; Nonet et al., 1993). Interestingly, asynchronous
may thus act as a positive regulator by actively catalyz- release and spontaneous vesicle fusion are unaltered
ing synaptic vesicle fusion and/or as a negative regulator in mutant mice (Geppert et al., 1994), while spontaneous
whose inhibitory activity maintains spontaneous vesicle vesicle fusion is elevated in flies (DiAntonio and
fusion at low levels in the absence of the rise in Ca2. Schwarz, 1994; Littleton et al., 1994). A possible role for
The proposed function of synaptotagmin as a Ca2 synaptotagmin in endocytosis has been supported in
sensor has its origins in its cytoplasmic carboxyl domain worm mutants whose synaptic terminals are depleted
of synaptic vesicles (Jorgensen et al., 1995). Recent
studies in mice and flies further confirm a direct role for*Correspondence: y.goda@ucl.ac.uk
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Figure 1. Schematic Diagram Depicting the Domain Structure of Synaptotagmin I
The arrows show relevant interactions mediated by the C2A and C2B domains implicated in triggering synaptic vesicle fusion. See text for
details.
the Ca2 binding activity of synaptotagmin I in regulating cent studies that closely examine neurotransmitter
release properties in Drosophila and mouse synaptotag-fast neurotransmitter release. Mutations at the Ca2
binding sites in C2A or C2B domains that reduce the min I mutants confirm that Ca2 sensor activity cannot
be uniquely attributed to the C2A domain and provideCa2 affinity of fragments containing the tandem C2A
and C2B domains significantly impair neurotransmitter new insights into the regulation of neurotransmitter re-
lease probability and cooperativity (Yoshihara and Little-release (Fernandez-Chacon et al., 2001, 2002; Robinson
et al., 2002; Mackler et al., 2002). ton, 2002; Shin et al., 2003).
Yoshihara and Littleton (2002) have made use of threeWhile these studies clearly establish a central role for
synaptotagmin I as a Ca2 sensor, several questions synaptotagmin I mutants in Drosophila: sytAD4, which is a
null mutant; sytAD1, which expresses a truncated proteinremain. Here we focus on two aspects of synaptotagmin
I function in mediating neurotransmitter release: the role lacking the C2B domain; and sytAD3, carrying a point
mutation in C2B that prevents Ca2-dependent homo-of Ca2 binding properties of individual C2A and C2B
domains and the significance of synaptotagmin I inter- oligomerization but not binding to SNAREs or phos-
pholipids. The null mutant displays specific defects inaction with SNAREs. We also comment on a new tech-
nique that allows the study of synaptotagmin function synchronous release in agreement with analysis of sy-
naptotagmin I null mice; however, unlike the mutantindependently of developmental and/or homeostatic ef-
fects. mice, the null flies exhibit increased asynchronous re-
lease that suggests a potential role for synaptotagminRelative Functions of C2A and C2B Domains
Do individual C2 domains of synaptotagmin serve sepa- I in suppressing asynchronous release. Loss of the C2B
domain in sytAD1 mutants greatly reduces the probabilityrate Ca2-dependent activities, or do the two domains
act cooperatively? C2A and C2B domains have highly of synchronous release and abolishes Ca2 cooperativ-
ity. Again, the mutants display an increase in asynchron-similar structures consisting of “ sandwiches” with
eight  strands and five highly conserved acidic amino ous release, although to a lesser extent compared to
the enhancement seen in null flies. While the observedacid residues that coordinate Ca2 binding (Su¨dhof,
2002; Chapman, 2002). There are some differences be- phenotype of sytAD1 mutants implicates the C2B domain
in conferring cooperativity and high probability of Ca2-tween C2A and C2B domains, however. In prototypical
synaptotagmins I and II, the C2A domain binds three triggered release, it also demonstrates that the C2B
domain is not essential for synchronous release andCa2 ions, whereas the C2B domain binds only two Ca2
ions, and the C2B domain contains an extra  helix at that the C2A domain alone can promote synchronous
release, albeit at low efficiency. In sytAD3 mutants witha position distant from the Ca2 binding sites. The C2A
domain was the first C2 domain structure to be deter- disrupted Ca2 sensing in the C2B domain, Ca2 cooper-
ativity remains normal despite the greatly diminishedmined, and most studies of Ca2 sensor activity of sy-
naptotagmin I have targeted the C2A domain, which neurotransmitter release. Because this mutant lacks
Ca2-induced self-association of the C2B domain, ho-exhibits up to a 5000-fold increase in the Ca2 sensitivity
of phospholipid binding. Mutational analysis of acidic mooligomerization of synaptotagmin I via the C2B do-
main is apparently not essential for cooperativity. Theresidues in C2A, however, indicates that the C2A domain
alone is not sufficient for the Ca2-sensing activity (Fern- results instead suggest a central role for C2B-dependent
SNARE and/or phospholipid interactions in Ca2 coo-andez-Chacon et al., 2002; Robinson et al., 2002), and
these results point to a significant contribution of the perativity of neurotransmitter release. Curiously, im-
paired release in sytAD3 mutants was not accompaniedC2B domain for Ca2-triggered exocytosis. Consis-
tently, synaptotagmin IV, an isoform that has a compro- by a change in asynchronous release. If synaptotagmin
I has an additional role in suppressing asynchronousmised Ca2 affinity of the C2A domain due to an amino
acid substitution in its Ca2 binding site, can still support release, then such a mechanism must be distinct from
the Ca2-sensing activity of the C2B domain and actCa2-dependent neurotransmitter release (Robinson et
al., 2002). Furthermore, mutation of the two Ca2 binding independently of the regulation of release probability.
Alternatively, the observed change in asynchronous re-aspartate residues in the C2B domain of synaptotagmin
I abolishes evoked neurotransmitter release with a con- lease could result from perturbing the synchronous vesi-
cle pool, reflecting an indirect effect of the synaptotag-comitant reduction in apparent Ca2 affinity of neuro-
transmitter release (Mackler et al., 2002). The most re- min I mutation that manifests in sytAD4 and sytAD1 mutants.
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A report by Shin et al. (2003) also sheds light on the Drosophila, and they confirm a postdocking role for
synaptotagmin I in triggering Ca2-dependent synapticdifferential role of C2A and C2B domains of synaptotag-
min in triggering neurotransmitter release. Substitution vesicle fusion. The inactivation method is based on a
novel application of the membrane-permeable com-of extracellular Ca2 by Sr2 greatly attenuates synchro-
nous release (Goda and Stevens, 1994; Xu-Friedman pound FlAsH-EDT2, which becomes fluorescent upon
binding to a tetracysteine motif (Griffin et al., 2000). Pro-and Regehr, 2000). In contrast, asynchronous release is
increased, due to inefficient buffering and clearance of teins tagged with a tetracysteine epitope are exposed
to the FlAsH ligand and subsequently inactivated byintracellular Sr2 (Xu-Friedman and Regehr, 2000). Shin
et al. took advantage of the differential sensitivity of fluorophore-assisted light inactivation (FALI). Marek and
Davis generated mutant flies expressing synaptotagminsynchronous release to Ca2 and Sr2 and asked
whether synaptotagmin I mediates Sr2-triggered re- I transgene tagged with a tetracysteine sequence at
the cytoplasmic end. FlAsH labeling does not perturblease and the relevant interactions required for Sr2-
dependent release. The residual synchronous release normal localization of synaptotagmin I nor neurotrans-
mitter release at the neuromuscular junction. Within 30triggered by Sr2 in wild-type mice was impaired in syn-
aptotagmin I null mice. Synaptotagmin I, therefore, sup- s of FlAsH-FALI induction, evoked synaptic response is
inhibited, and residual neurotransmitter release showsports Ca2 and Sr2-triggered synchronous release.
Surprisingly, biochemical studies revealed that Sr2 pro- significantly impaired Ca2 cooperativity. A lack of
change in the size of the fusion-competent vesicle poolmotes phospholipid binding at considerably weaker af-
finity than Ca2, and Sr2 binds only to the C2B domain, after FlAsH-FALI and the immediate depression of the
first synaptic response when FlAsH-FALI is induced ineither in isolation or in a tandem C2A-C2B fragment.
These findings again emphasize the central role for the the absence of nerve stimulation demonstrate that syn-
aptotagmin I is specifically required for postdocking fu-C2B domain in effecting reliable Ca2- or Sr2-coupled
synaptic vesicle fusion. Strikingly, Sr2 did not promote sion of synaptic vesicles. If synaptotagmin I prevents
vesicle fusion as has been proposed previously, onesynaptotagmin I-SNARE complex formation in vitro.
Synchronous release induced by Sr2, therefore, likely would expect the frequency of spontaneous vesicle fu-
sion to increase upon inactivation of synapotagmin I.occurs in the absence of stimulated SNARE binding,
perhaps by relying on constitutive binding of synapto- The rate and size of spontaneous events, however, re-
mained unchanged after FlAsH-FALI, consistent withtagmin I to the SNARE proteins (see also Rickman and
Davletov, 2003). This finding raises an interesting possi- the recent analysis of sytAD4 null mutant flies. A lack of
change in the size of the fusion-competent vesicle poolbility that Ca2-triggered synchronous release may also
occur independently of Ca2-dependent binding of syn- and spontaneous vesicle fusion also suggests that
FlAsH-FALI of synaptotagmin I is highly specific andaptotagmin I to SNAREs via the C2B domain. Such a
scenario would be supported if the differences in Ca2 does not affect other synaptic proteins required for prim-
ing and fusion, such as Dunc13, VAMP/synaptobrevin,and Sr2 affinities for phospholipid-C2B binding activity
fully account for the differences in synchronous release and syntaxin (Chen and Scheller, 2001; Jahn et al., 2003).
Acute inactivation of proteins by FlAsH-FALI will havetriggered by Ca2 and Sr2. Alternatively, the electro-
static switch of the C2B domain surface charges in- great utility in dissecting the molecular mechanisms of
exocytosis.duced by Sr2 binding may be distinct from that of Ca2,
thereby introducing slight differences in the properties Perspectives
The flurry of papers over the past several years has, atof the resultant neurotransmitter release.
Collectively, these two studies substantiate the cen- last, firmly established the role of synaptotagmin I as a
Ca2 sensor, and recent reports point to a central roletral role of Ca2 binding to the C2B domain of synapto-
tagmin I in governing the properties of fast neurotrans- of the C2B domain. Beyond identifying the domains and
amino acid residues of synaptotagmin I that are essen-mitter release. The findings, however, do not rule out
the contribution of Ca2 binding sites in the C2A domain. tial for its function as a direct catalyst of Ca2-activated
synaptic vesicle fusion, many unanswered questionsClarification of the extent of involvement of the C2A
domain awaits correlation between neurotransmitter re- remain.
In one direction, upon Ca2 binding, how does synap-lease in C2 domain mutants with structural and bio-
chemical properties of the tandem C2A-C2B domains. totagmin induce the rearrangement of lipid bilayers in
conjunction with SNAREs? Does synaptotagmin modu-The effects of the C2B Ca2 binding mutations and trun-
cation of the C2B domain have not yet been reported late the opening of the fusion pore? Such questions are
best addressed in membrane fusion assays with minimalin mice central synapses. In addition, it would be of
interest to test whether substituting the remaining C2A essential components that are amenable to molecular
and structural manipulation. Improvements in fluoro-domain with the C2B domain in truncated sytAD1 mutants
results in less severely impaired neurotransmitter re- metric assays and/or microscopy techniques with high
temporal and spatial resolution would hold much prom-lease.
Acute Inactivation of Synaptotagmin I ise for delineating the role of synaptotagmin in regulating
the membrane fusion event.Investigations of the physiological function of synapto-
tagmin to date have primarily relied on genetic manipula- On a global scale, how does synaptotagmin I partici-
pate in the overall regulation of synapse reliability? Cen-tion of the synaptotagmin protein. It is therefore not
clear to what extent developmental and/or homeostatic tral issues are (1) when and how synaptotagmin couples
to the molecular components of the synaptic vesicleeffects contribute to the final analysis. To circumvent
such problems, Marek and Davis (2002) have examined fusion machinery, (2) the potential role of synaptotagmin
in regulating steps preceding the final Ca2-triggeredthe effects of acute inactivation of synaptotagmin I in
Neuron
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synaptic vesicle fusion event, and (3) the function of formation on the functional properties of various iso-
various synaptotagmin isoforms. These problems are forms that are the focus of current investigations.
likely to be non-mutually exclusive. Priming of synaptic Synaptotagmin will continue to be scrutinized as one
vesicles could be modulated by the reported Ca2-inde- of the key molecules regulating Ca2-dependent neuro-
pendent binding of synaptotagmin to SNAREs, should transmitter release. The synaptotagmin story will likely
such an interaction occur in vivo following vesicle dock- reveal further intricacies of presynaptic regulatory
ing to the active zone. Synaptotagmin may secure the mechanisms, from control of membrane fusion to modu-
SNAREs in a configuration that is optimal for responding lation of synaptic plasticity, and its development will be
to the subsequent Ca2 trigger, although a similar role followed closely by all synapse enthusiasts.
has been suggested for complexins, whose deletion
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